Although many biocontrol bacteria can be used to improve plant tolerance to stresses and to promote plant growth, the hostile environmental conditions on plant phyllosphere and the limited knowledge on bacterial colonization on plant phyllosphere minimized the beneficial effects produced by the biocontrol bacteria. Rhodopseudomonas palustris strain GJ-22 is known as a phyllosphere biocontrol agent. In this paper we described detailed processes of strain GJ-22 colony establishment at various colonization stages. We have shown that the preferable location sites of bacterial aggregates on leaf phyllosphere are grooves between plant epidermal cells. In this study, we categorized bacterial colonies into four phases. Analyses of expressions of plant defense-related genes showed that, starting from Phase III, bacterial cells in the Type 3 and Type 4 colonies started produce unidentified signals to induce host defense again Tobacco mosaic virus infection. To our knowledge, this is the first report focused on the colonization process of a phyllosphere biocontrol agent.
Introduction
Phyllosphere, also known as aerial part of plant, is the first line plants used to fight against pathogen infections (Berg, 2009; Natacha et al., 2014) . Phyllosphere also provides an ideal habitat for bacterial species that are beneficial to plant growth and stress tolerance (Duke et al., 2017; Kembel et al., 2014; Vorholt, 2012) . Successful applications of microbes with biocontrol activities to plant phyllosphere are crucial for effective crop disease managements (Kim et al., 2011;  colony by 96 h post bacterial inoculation on leaf phyllosphere. R. palustris GJ-22 cells inside the Type 3 and 4 colonies were able to induce ISR in tobacco to Tobacco mosaic virus (TMV) infection. We consider that the findings presented here provide useful information on the establishment of R. palustris colonies on leaf phyllosphere and information needed for the development of new strategies using this biocontrol agent.
Materials and methods
Bacterial strains, cultural conditions and plant inoculum R. palustris strain GJ-22 was from a previously reported source (Su et al., 2017) and routinely cultivated aerobically at 30 °C in a photosynthetic medium (PM) under a 6,500 lux lamination. The solid PM medium contains 0.1 g (NH 4 ) 2 SO 4 , 0.02 g MgSO 4 , 0.5 g Na 2 CO 3 , 0.05 g K 2 HPO 4 , 0.02 g NaCl, 0.2 g Casamino Acids, 0.15 g yeast extract and 18g agarose in one litre distilled water, pH 6.5-7.0. For liquid PM medium, agarose was omitted from the above formula.
Escherichia coli DH5α was aerobically cultured in the Luria-Bertani (LB) broth at 30 °C and used for plasmid propagations.
The transformation of GJ-22 wild type with plasmid pBBR1MCS-2-pAMP-EGFP (Beijing TsingKe Biotch Co., Ltd., Beijing, China) was conducted through the following procedure. Cells were pelleted from liquid culture (OD660 = 0.4), rinsed three times with an ice-cold sterile water before resuspended in 10 % glycerol solution, and resuspended cells was immediately stored at -80 °C for later use. Electro-competent cell suspension (50 μ L) was thaw on ice for 20 mins, mixed with 5 ng plasmid DNA in a 2 mm Gene Pulser cuvette containing 80 μ L ice-cold sterile water, incubated on ice for 10 mins for incubation followed by electroporation using Eppendorf Eporator as described (Eppendorf North America, Hauppauge, NY, USA). The transformed cell suspension was transferred to 10 mL liquid medium and cultured for 20 h at 30 °C with 6,500 lux illumination inside a light incubator. The positive transformants were selected on agar medium with 50 µg·mL -1 kanamycin under the same culture condition described above. Stability of the mutants was analyzed by cultivating them individually in the liquid medium, with and without kanamycin, for 20 generations. For EGFP labeled strain GJ-22-EGFP, the fluorescence shown by each generation was examined with a laser scanning confocal microscope (LSCM) (Nikon C2 plus, Nikon, Japan). The excitation wavelength was set at 488 nm and the emission wavelength was set at 522/35 nm.
To prepare fresh bacterial culture, small amount of original cell stock culture (OD 660 = 0.4) was added into a fresh liquid medium at the ratio of 1:20 (stock bacterium: medium, v/v). Before bacterial inoculation, GJ-22 or GJ-22-EGFP culture was pelleted, resuspended in a 100 mM potassium phosphate butter (PPB), pH 7.2, and adjusted to 6 × 10 7 CFU mL -1 immediately prior to inoculation to plant.
Plant growth and inoculation
Seeds of Nicotiana. benthamiana were placed in a 70 % ethanol solution for 30 min at room temperature (RT). After removing 70 % ethanol by low speed centrifugation, the seeds were treated with 100 % ethanol for 15 min. The seeds were dried on filter papers for 1 h and geminated on wet filter papers at 25 °C. The germinated seeds were individually transferred to pots (10cm × 10cm × 15cm) containing pH-balanced peat moss (Klasmann-Deilmann GmbH, Geeste, Germany) inside a growth chamber set at 28 °C, a 16/8 h (light/dark) photoperiod, and 85 % relative humidity. For stress assays, the growth chamber was set at 37 °C, a 16/8 h (light/dark) photoperiod, and 40 % relative humidity. Bacterial inoculation was conducted by spraying 14-day old N.
benthamiana seedlings till the seedling became soaking wet. The inoculated seedlings were grown inside a growth chamber the conditions described above.
Bacterial sampling and phyllosphere population density determination
Bacterial cells were collected at various hours post plant inoculation (hpi) with the following method. The third and fourth leaves (down from the top) were harvested from individual assayed plants and pooled. Ten gram tissues were sampled from each harvested leaf sample and submerged in 200 mL PPB inside a 500 mL conical flask. After 20 min, the samples were sonicated at 47 kHz for 10 mins and with 150 rpm shaking. Bacterial cells in each PPB solution were pelleted through 10 min centrifugation at 10,000 g. This procedure was repeated three times and the bacteria containing PPB solutions from each leaf sample were pooled. After centrifugation, the pelleted cells was resuspended in 2 mL PPB with 20 % Percoll followed by 10 min centrifugation at 12,000 g to remove the remaining plant debris.
Bacterial population density in each sample was determined by plating the serially diluted bacteria containing solutions on PM plates. The inoculated plates were then incubated for 6 days at 25 °C and the colony-forming units (UFC) on each plate was counted and later converted to UFC g -1 FW
(bacterial population size).
Assay of ISR onset in R. palustris strain GJ-22 inoculated N. Benthamiana.
PPB solution containing strain GJ-22 was sprayed onto the fifth and sixth leaf of N. Benthamiana seedlings. Seedlings sprayed with equal amount of PPB only were used as controls. The sprayed leaves were detached from the plants at 12, 48 , 72, and 96 hpi. At 12 h post detachment, the third and fourth leaf of each seedling were mechanically inoculated with purified TMV (40 ng per leaf). The TMV-inoculated leaves were harvested at 6 days post TMV inoculation and analysed for TMV accumulation by Enzyme-linked immunosorbent assay (ELISA). To determine the expressions of defence-related genes, the TMV-inoculated leaves were harvested at 18 hours post TMV inoculation and analysed for the expressions of defence-related protein genes NbPR1a and NbPR3, through semi-quantitative reverse transcription polymerase chain reaction (qRT-PCR) as described previously (Su et al., 2017) .
Confocal Laser Scanning Microscopy (LSCM) and Scanning Electron Microscopy (SEM)
For LSCM analysis, leaf tissues were collected and cut into 2 × 2 mm pieces. Bacterial cells on the surface of each leaf sample was examined under a Nikon epifluorescence microscope confocal system (Nikon TI-E+C2, Japan). The excitation wavelength was set at 488 nm and the emission wavelength was set at 522/35 nm. The SEM analysis was conducted as described by Poonguzhali et al. (Beattie & Lindow, 1999; Poonguzhali et al., 2008) with minor modifications. Leaf tissues were collected and cut into 0.5 cm 2 pieces. The tissues were transferred into a 0.1 M phosphate buffer (PB) containing 2.5 % glutaraldehyde and incubated for 40 min at RT followed by 1 h incubation in a 1 % osmium tetroxide solution at RT. After three rinses in 0.1 M PB, the fixed tissues were dehydrated in 30, 40, 50, 60, 70, 80, 90 and then 100 % ethanol solution. After dehydration, the tissues were freeze-dried and coated with gold-palladium using a Pelco 3 sputter coater (PELCO, USA) and examined under a scanning electron microscope (Nova NanoSEM230, USA).
Statistical analysis
All the experiments performed in this study were done in three parallels. Results shown in each figure or table were from a single experiment. The results were presented as the mean ± standard deviation (SD) from three or four biological replicates. Statistical differences between the treatments were determined using the One-way ANOVA followed by the Tukey's test using the SPSS Statistics 17.0 software (IBM Corp., New York, USA).
Results
Population dynamic and strain GJ-22 colony morphology on N. Benthamiana phyllosphere Analysis of population dynamic of R. palustris strain GJ-22 on N. Benthamiana phyllosphere demonstrated that strain GJ-22 took 96 h to reach full population size (Fig. 1) . Within the first 24 h, the population size dropped from 5.3 × 10 7 CFU mL -1 to 4.8 × 10 3 CFU mL -1 . This population size maintained for at least 24 h and then increased from 68 hpi (3.14 × 10 4 CFU mL -1 ) to 84 hpi (4.63 × 10 6 CFU mL -1
). This steady increase continued in the following 12 h and reached to 9.7 × 10 6 CFU mL -1 by the 96 hpi. The population dynamic can be summarized as a dramatic decline during early growth stage followed by a static state, a slow increase, and then a rapid increase (Fig. 1 ).
Similar dynamic patterns were observed in all parallel experiments.
Analysis of green fluorescent signal produced by strain GJ-22-eGFP through LSCM or analysis of wild type GJ-22 through SEM showed that the bacterial cells on phyllosphere formed four types of colonies during colony establishment ( colonies while only 4 % leaf sample contained Type 3 colonies (Fig. 3) .
Formation of aggregates enhanced strain GJ-22 tolerance to drought and heat stresses
To investigate whether formation of bacterial aggregate could enhance GJ-22 tolerance to stresses, we treated bacterial cells in different colony types with drought and heat stresses. N. Benthamiana seedlings were inoculated with GJ-22-eGFP cells and then grown under the normal growth condition ( 
R. palustris strain GJ-22 primed ISR in plants after aggregate formation on phyllosphere
Timing of ISR onset during strain GJ-22 colonization process was investigated. The GJ-22-eGFP inoculated seedlings were grown under the normal condition for 12, 48, 72 or 96 h to produce Type1, Type 2, Type 3 and Type 4 colonies (Fig. 4A ). After removal of the inoculated leaves, the assayed plants were inoculated with purified TMV (Fig. 5A ). Accumulation of TMV in the inoculated plants was determine through ELISA at 6 dpi, to evaluate the ISR against TMV. In the plants had Type 3 or Type 4 GJ-22 colonies, the accumulation levels of TMV were 52 and 67. we characterized strain GJ-22 colonization on leaf phyllosphere into four different phases (Fig. 6 ).
In the phase I stage, individual strain GJ-22 cells are randomly distributed across the leaf surface.
These cells die quickly, due mainly to environmental stresses, leading to quick reduction of cell population and colony size. In phase II stage, strain GJ-22 cells started to form small clusters located at the junctions between plant epidermal cells. At this stage, bacterial cell population density remained steady and at the lowest level. In the phase III stage, strain GJ-22 cell clusters started to expend and formed small aggregates at the junctions between plant epidermal cells. Bacterial cells in small aggregates or small colonies started to produce unidentified substances that could enhance plant tolerance to biotic and abiotic stresses. The size of bacterial aggregate or colony continued to expend slowly in this phase. In the phase IV stage, the bacterium formed large aggregates or colonies on leaf phyllosphere and the size of bacterial colony continued to expend due to rapid cell multiplications. By the end of this phase, bacterial aggregates started to emerge to form very large aggregates or colonies, companied with an significant increase of bacterial population density.
Phyllosphere bacteria form different sized aggregates or colonies at the junctions between plant epidermal cells or at the junctions along the veins or at the base of leaf trichrome (Beattie & Lindow, 1999) . In this study, we observed that the preferential colonization location of strain GJ-22 was at the junctions between plant epidermal cells. In the early growth stages, most bacterial cells on leaf phyllosphere showed desiccation and then died. We speculate that the environment at the grooves formed by plant leaf epidermal cells provides bacterial cells a shelter with sufficient nutrients and water to survive and later to grow. Since the spaces provided by these grooves for bacteria growth are limited, most bacterial cells applied to plant canopy quickly desiccated and died. The survived cells started to multiple very slowly at the early colonization stage followed by a moderate multiplication to form Type 3 colonies. After entering the Phase III stage, the bacterial aggregates started to form its own microenvironments to capture nutrients from plant exudates, to maintain water within microenvironments, and to protect bacterial cells from lytic enzymes and/or toxic substances produced by plant or other microbes. This strategy is commonly used by phyllosphere epiphytes (Bulgarelli et al., 2013; Remus -Emsermann & Schlechter, 2018; Wilson et al., 1999) and can be used to explain the increased stress tolerance of strain GJ-22 after the Phase III stage.
Exopolysaccharides (EPSs) are the major ingredients mediating the adhesion between bacterial cells on plant surfaces to form bacterial aggregates (Limoli et al., 2015) . EPSs can also provide protection to bacterial cells from various stresses. Production of EPSs was reported to be controlled via a cell-density-dependent manner known as quorum sensing (QS) in many
Gram-negative bacteria (Marketon et al., 2003; Tan et al., 2014 et al., 2017) . This phytohormone was also reported to induce release of nutrients, including saccharides, from plant cells (Limtong & Koowadjanakul, 2012; Spaepen et al., 2007) . We speculate that the formation of bacterial aggregates may up-regulate IAA production in R. palustris and later infiltrate into plant cells.
In conclusion, the results obtained from this study revealed the process of R. palustris strain GJ-22 colony establishment. Because bacterial stress tolerance, the colony size expansion, and priming of ISR in plant to TMV infection all occurred after the formation of large sized bacterial colonies, it is likely that formation of bacterial aggregate has an important role on GJ-22 epiphytic fitness.
Further investigations are needed to elucidate the mechanism(s) controlling aggregate formation. Our results can benefit the design of a better application method to deploy this bacteria to plant phyllosphere. 
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